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I. INTRODUCTION 

The purpose of this paper is to collect, compile, and to make useful recommenda- 
tions on information with respect to heat transfer to helium I. The collection section 
of the paper considers all the relevant information with respect to helium heat tran,s- 
fer. This’includes not only data on heat transfer coefficients but also appropriate 
properties data and heat transfer data, from systems using fluids other than helium, 
that should be useful to this study. 
paper will be to present these data in a concise manner which is optimally useful for 
engineering or design studies. .The recommendations section of the paper will be con- 
cerned both with making recommendations for engineering and design practices on the 
basis,of the findings of the first two sections of the paper and also with recommending 
future studies which are needed so that optimum design may be achieved. 

The purpose of the compilation section of the 

11. HELIUM VERSUS CONVENTIONAL F L U I D  

At the outset, it might be well to consider the differences one may encounter be- 
tween heat transfer studies with conventional fluids, such as air or water, and with a 
.cryogenic fluid. First, as shown in Fig. 1 for helium, small pressure and temperature 
ranges enclose a given fluid phase or condition. 
ranges required by some cooling systems one may encounter the helium fluid in a number 
of phases or states. Also, with helium the designer may be unable to avoid the regions 
around the critical point where the fluid behavior has some undesirable characteristics 
and where the heat transfer phenomena are not well. understood. Therefore, when dealing 
with liquid helium, one must expect to encounter heat transfer problems which involve . 
the liquid, the supercritical fluid, and also fluid in the two-phase condition. Cer- 
tainly, the two phase and the supercritical fluid regions are among the more difficult 
heat transfer regions to study for any fluid. At helium temperatures there are no 
alternative fluids available. 

Thus, for the pressure and.temperature 

Secondly, perhaps as great or even greater differences may be noted in comparing 
transport properties of a conventional and of a cryogenic fluid in which there is some 
quantum influence for ahy given phase. 
differences in behavior of a conventional and a quantum fluid. In particular, one 
should note the behavior of the lower pressure liquid where the slope of the conductiv- 
ity curve is reversed. The behavior might be expected to require, at least, a modifica- 
tion of a correlation developed for conventional liquids. 

Figure 2 from Corruccinil shows the general 

. .  
Even greater evidence of the difficulties of heat transfer studies with helium may 

be found on examination of Figs. 3 ,  4, and SY2 which show the viscosity and conductivity 
data available for helium at the present time. In considering helium heat transfer 
studies, one immediately notices the large regions indicated by the dashed lines where 

* 
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there are no reliable experimental or theoretical guides and where values for properties 
must be considered to be crude 'estimates with a poor degree of reliability. Except for 
data in the saturated region and in the vicinity of 1 atm, the reliability of the data 
shown by the solid lines is marginal for use in heat transfer studies. Figures 4a and 
5a show the data with constant-pressure parameters for engineering use. Thirdly, the 
values of the properties are relatively different from those of a conventional fluid. 
For example, at the normal boiling point the viscosity of water is about 100 times that 
of helium, the specific heat about equal to that of helium, and the density about eight 
times as great. Therefore, in considering the conventional heat transfer correlations 
which involve Reynolds (uDp/v) and Prandtl (culk) numbers, one can quickly see that, 
with helium, quite different combinations of values of these dimensionless groups will 
be encountered. 
are, indeed, primarily empirical relationships of dimensionless groups, the extensions 
of these expressions into regions where the fluid properties differ by such a margin 
cannot be justified without some experimental verification. 

Since the correlations themselves are not based on rigorous theory but 

In summary, with respect to transport properties, heat transfer studies are more 
difficult because the properties vary significantly in value from those of conventional 
fluids, and extrapolation of the correlations are not justified without experimental 
verification. 
ently from those of conventional fluids except at very high pressures, and the reliabil- 
ity of all of the properties data leaves a great deal to be desired in pursuing heat 
transfer studies. Finally, heat transfer studies with helium are substantially more 
difficult than those dealing with conventional fluids because one.must deal with the 
difficult regions for heat transfer with respect to phase changes and pseudo-phase 
changes. The probkem is additionally complicated by marked differences in behavior 
and in values of the transport properties from those of conventional fluids, and by a 
poor reliability of data for these transport properties. 

Further, the transport properties for the liquids behave 'quite differ- 

111. DIVISION INTO REGIONS OF PHASE AND TRANSPORT PROPERTY BEHAVIOR 

In general, one might say that heat transfer phenomena are influenced by two sets 
of conditions. One set of conditions has to do with the physical properties and the 
other with the flow structure. With respect to the flow'structure, one is primarily 
concerned.with the behavior in the boundary layer. That is, one would first want to 
know whether the boundary layer is laminar or turbulent and, if turbulent, the nature 
of the turbulence. 
tem, it was decided not to make any divisions in this study with respect to this phenom- 
enon. Therefore, the heat transfer study of helium will be divided into regions with 
respect to the transport property and phase behavior, and the characteristics of the 
flow structure will be discussed in these regions where appropriate. 
shown in Fig. 6. 

Since the flow structure is very much a function of a specific sys- 

The divisions are 

Region 1 and Region 2 differ from each other primarily because in Region 2 phase 
separation with equilibrium will be distinct whereas in Region 1 phase separation is 
either not distinct or not possible. 
Regions 3 and 4 ,  respectively. 

The liquid region and the gaseous region are 

The line of maximum specific heats, which separates Region 1 from Region 4, is 
quite significant because, on the left of the line, one has what is often called a 
pseudo-liquid. In this region then, quite close to the saturated liquid line or the 
line of.maximum specific heats, one does experience pressure and density oscillations 
and other phenomena which are usually associated with the two-phase region. 

The data from which these curves were constructed may be seen in Fig. 7a.3 
Fig. 7a the constant-pressure lines show distinct peaks or humps in the specific heat 
behavior for pressures reasonably close to the critical pressure. The maximum points 

In 

1 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
E 
I 
I 

- 250 - 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

of  these  peaks c o n s t i t u t e  t h e  locus of po in t s  used t o  cons t ruc t  t he  maximum s p e c i f i c  
hea t  o r  "transposed crit.ica1" curve. 
d i t i o n  is  drawn wi th  sho r t e r  dashes as t h e  pressure  i s  increased t o  ind ica t e  a weaker 
tendency toward c r i t i c a l - p o i n t  behavior. I n  drawing t h e  l i n e  i n  t h i s  manner i t  w a s  
meant t o  show t h a t ,  as the  peaking of t h e  s p e c i f i c  hea t  curve became less d i s t i n c t ,  
t h e  l i n e ,  while  s t i l l  ind ica t ing  the  maximum s p e c i f i c  h e a t s ,  w a s  record ing  a phenomenon 
which was becoming less and less important. F lu id  i n  condi t ions  f a l l i n g  t o  the  l e f t  of 

r i g h t  of t h i s  maximum s p e c i f i c  hea t  curve s i m i l a r l y  named a pseudo-gas. 
phase analogy i s  seen  i n  Fig.  7bY4 from which l a r g e  dens i ty  changes assoc ia ted  wi th  the  
c ross ing  of t he  transposed c r i t i c a l  l i n e  can be deduced. 

The dashed l i n e  i n  Fig.  6 r ep resen t ing  t h i s  con- 

. .  

' t h i s  maximum s p e c i f i c  hea t  curve i s  o f t en  c a l l e d  a pseudo-liquid, wi th  f l u i d  on the  
Further  two- 

Looking a t  t h e  reg ions  from the  point  of view of hea t  t r a n s f e r  knowledge obtained 
from o the r  f l u i d s ,  one might make some general  s ta tements  a s  t o  t h e  expected behavior 
f o r  each of t he  reg ions  se l ec t ed .  I n  Region 4 ,  t he .gas  reg ion ,  one would expect t he  
conventional c o r r e l a t i o n s  t o  be genera l ly  e f f e c t i v e  although some modi f ica t ion  may be 
requi red  because of  t he  p rope r t i e s  behavior previously discussed.  
l i q u i d  region,  t he  p rope r t i e s  behavior wi th  r e spec t  t o  t h a t  of convent ional  f l u i d s  i s  
q u i t e  d i f f e r e n t ;  however, t h e  conventional c o r r e l a t i o n s  should s t i l l  form the b a s i s  by 
which one may make r e l i a b l e  hea t  t r a n s f e r  p red ic t ions .  Heat t r a n s f e r  phenomena i n  
Region 2, t he  two-phase region,  i s  not w e l l  understood f o r  any f l u i d .  This  me.ans t h a t  
almost any ex tens ion  of t h e  use of conventional expressions t o  t h e  heli.um region should 
be accompanied by a r a t h e r  complete experimental v e r i f i c a t i o n  i f  any s u b s t a n t i a l  r e l i a -  
b i l i t y  is  requi red  i n  the  use of t he  da t a .  I n  Region 1 t h e  pseudo-liquid o r  s u p e r c r i t -  
i ca l  reg ion  near  t h e  l i n e  of maximum s p e c i f i c  h e a t s , . a  poor understanding e x i s t s ,  a t  
b e s t ,  f o r  t he  hea t  t r a n s f e r  behavior. Here again,  a good d e a l  of experimental d a t a  w i l l  
be requi red  f o r  helium i f  r e l i a b l e  hea t  t r a n s f e r  p red ic t ions  a r e  t o  be achieved. 

I n  Region 3,  t he  

. IV.  REGION 1 - SUPERCRITICAL NEAR THE TRANSPOSED CRITICAL LINE 

I V . l .  Region Boundaries 

Referr ing t o  F ig .  6 ,  .one may see t h a t . t h e  bes t  def ined boundary f o r  Region 1 i s  
t h a t  made by t h e  l i n e  of maximum s p e c i f i c  h e a t s  o r  t he  transposed c r i t i c a l  l i n e .  
t r anspor t  p r o p e r t i e s  of v i s c o s i t y  and conduct iv i ty  are gene ra l ly  be l ieved  t o  go through 
a s imi l a r  peaking phenomenon a s  shown i n  F ig .  7a when the  c r i t i c a l  po in t  i s  approached 
f o r  any f l u i d .  Therefore ,  i t  would be expected t h a t . c u r v e s  s i m i l a r  t o  Fig.  7a could 
be generated,  f o r  helium, f o r  t h e  t r anspor t  p rope r t i e s  of conduc t iv i ty  and v i scos i ty .  
However, no experimental  d a t a  have been generate! t o  v e r i f y  t h i s  concept. 

The 

The l e f t  boundary of t h i s  reg ion  i s  more d i f f i c u l t  t o  def ine .  It is meant t o  des-  
c r i b e  the  boundary such t h a t  t he  f l u i d  OR i t s  l e f t  shows no evidence of maxima singu- 
l a r i t i e s  i n  i t s  p r o p e r t i e s  nor a s soc ia t ed . t endenc ie s  toward pressure  o s c i l l a t i o n s .  One 
might conclude, t h e r e f o r e , : t h a t  t he  l e f t  boundary of t h i s  reg ion  should f a l l  along a 
pressure  l i n e  where the  s p e c i f i c  hea t  curve a s  shown i n  F ig .  7a no longer  e x h i b i t s  a 
peaking behavior o r  t h e  d e n s i t y  curve shown i n  F ig .  7b no longer  has  a s t e e p  s lope .  
For helium, t h i s  would appear t o  be along a constant  pressure  l i n e  i n  the  region of 
roughly 15 atm. 

If might be reasoned t h a t  Region 1 should ex ten t  t o  the  r i g h t  of  t he  transposed 
c r i t i ca l  l i n e  as w e l l  a s  t o  the  l e f t .  This  a r e a  inc ludes  t h e  r i g h t  ha l f  of t he  proper ty  
"hump" behavior shown i n  F ig .  7a. For t h i s  paper, i t  w a s  decided not  t o  include t h i s  
a r ea  i n  Region 1 f o r  two reasons.  F i r s t ,  t h e  s lope  of t he  curves descr,ibing proper ty  
behavior a r e  less s t e e p  on t h i s  s i d e  of t he  maxima. Secondly, almost a l l  hea t  t r a n s f e r  
processes which seem l i k e l y  with helium involve pressure  reduct ion .  Consequently proc- 
esses w i l l  gene ra l ly  run from l e f t  t o  r i g h t  i n  F ig .  6. Therefore ,  t he  va r i ab le  prop- 
e r t y  region i s  un l ike ly  t o  be approached from the  r i g h t  of t he  t ransposed c r i t i c a l  l i n e .  
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The lower boundary of the curve which extends across the liquid-vapor dome is I 
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also reasonably difficult to define in a precise or distinct manner. The curve is in- 
tended to form a boundary such that fluid which falls above the curve will have prop- 
erties, particularly density properties, for the liquid and the gas such that a separa- 
tion of the phases is fairly slow or difficult. 

IV.2. Behavior of Conventional Fluids in Region 1 

In Region 1, the special problem encountered in the heat transfer analysis is 
that of the fluid property, particularly the transport and density property, behavior 
in the boundary layer. These variations are shown in Figs. 7a and 7b. If the wall 
temperature is above the transposed critical temperature for the fluid and the bulk 
temperature of the fluid below that value, some fluid in the boundary layer must be in 
Region 1. This means that there will be widely varying values for the properties and, 
also, situations where some of the properties will go through maximum values within the 
boundary layer. Most heat transfer correlations assume the use of constant or effec-. 
tive property values. Correlations using this system are known to be ineffective for 
conditions where there are wide variations in the fluid boundary layers; 
occur either when there are high temperature differences between the ball and the fluid 
or when there are large property variations with relatively small varsations in.tempera- 
ture such as those conditions in Region 1. 

This would 

IV.2.1. Oscillations 

Perhaps the most important physical phenomenon which has been associated with this 
region has been that of pressure and flow oscillations. This behavior has been similar 
to that of a two-phase fluid. Some authors have chosen to label this as a boiling-like 
or a pseudo-boiling region. 
SkripovY6 and Griffith and Saber~ky.~ 
with the presence of a heavy and light species in this region; however, this has not 
been completely experimentally documented at this time. Some understanding of these 
oscillations has been obtained by the use of treatments that are modifications of rath- 
er conventional mechanics developed to describe specifically the oscillating systems. . 

That is, the fluid system has been treated as one' which is analogous to a more conven- 
tional oscillating system. Among those papers that have recently reported studies 
primarily dealing with oscillations in this re ion are the following: Hendricks et a1..8 
for hydrogen, Thurston et al.9 and Thurstonlo,fl for hydrogen, and Cornelius12 for 
Freon 114. 

Among these are Dickinson and Welch,5 Dubrovina and 
One might very easily associate this phenomenon ' 

IV.2.2. Temperature profiles in the boundary layer 

Some further insight into the behavior in the.fluid in this region may be obt'ained 
by consideration of the temperature profiles one might expect to find in the boundary 
layer. First of all, 
one does not expect to find these phenomena occurring except when the transposed crit- 
ical temperature falls between the temperature of the wall and the temperature of the 
bulk of the fluid. When these conditions are met, then, of course, the extreme be- 
havior of the fluid properties will be found in the region of the boundary layer. 
&st papers record that this special behavior indeed does occur only when these temper- 
ature conditions are met. Some further insight into the behavior of the temperature 
profiles in the boundary layer may be found by first considering the expression for 
turbulent heat transfer which is as follows: 

This was investigated by Wood and Smith13 using carbon dioxide. 
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gradient that would exist if the boundary layer were completely laminar, while the 
group of terms in the parentheses represents .the coefficient of the gradient for the 
turbulent condition. Remembering that in all flow there is a laminar-like sublayer, 
one might speculate that, in this region where the conductivity term controls, and 
where this value will be expected to be enhanced generally, the resistance to heat 
transfer would be decreased and the temperature profile would be less steep than usual 
in this region. If the turbulent level or scale of turbulence is assumed to be essen- 
tially constant, then the resistance to heat transfer in this region will be inversely 
proportional to the density times the specific heat. 
region one would generally expect the resistance to decrease. This is because the 
specific heat would be expected to increase more rapidly than the compensating density 
decrease near the critical point. 

In examining the terms in this 
. 

Another possible change in the heat transfer in this region might be brought about 
by a change in the level of turbulence shown by Eh' 
cause the large density changes shown in Fig. 7b would create a rather large fluid 
acceleration. 
the level of turbulence would be reduced. 

Such a change may be possible be- 

Under such circumstances the turbulent eddies might change such that 

IV.2.3. Behavior of the heat transfer coefficient 

Then, looking at these two regions of the laminar sublayer and the turbulent core, 
one finds that the resistance.in the net is decreased in the laminar sublayer and in 
the turbulent core so that the conventional temperature profile would be somewhat flat- 
tened for this heat transfer condition. 
might expect the heat transfer in the net to be enhanced because of these changes in 
this region. 
however, the opposite would be expected to be true and one would.expect to find a deg- 
radation of the heat transfer rate. 
firmed by experiment. 

Considering these circumstances alone, one 

After the bulk temperature reaches the transposed critical temperature, 

This is indicated by property behavior and con- 

An example of this behavior of the heat transfer coefficient near the transposed 
critical is shown in Figs. 8a and 8b as reported by Dubrovina and Skripov.6 
figures show that the heat transfer coefficient follows the property behavior rather 
closely, with a substantial enhancement near the transposed critical and considerably 
lower values on either side. 
enhancement occurs only for very small temperature differences between the wall and the 
fluid . 

These 

It should be noted, however, that Fig. 8b shows that the 

IV. 3 .  Analytical Work 

Finally, one may consider the analytical work which has been reported to describe 
the heat transfer in this region. 
divided by the general method of approach which was used. 
cexned itself with an integration through the boundary layer for the case of variable 
fluid properties. This method involves the use of universal parameters for.the flow 
variables. A review of universal velocity distribution functions may be found in 
Spalding . l4 

One may generally arrange this work into two sections 
One set of analyses has con- 

D e i ~ s l e r l ~ , ~ ~  has presented a series of papers, employing this method. Figure 9 
shows the relationship between the temperature, Tx, at which properties are evaluated 
to produce the proper relationship between the Nusselt number and the Reynolds number 
for supercritical water. These curves are for a Prandtl number of one. Of course, 
some function of the Prandtl number can be found to'bring the curves nearer to a single 
curve. One may also see that if the proper temperature, Tx, is chosen the same form 
of the conventional correlation which employs constant properties may be used. 
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The other method of analyzing experimental data reported in this region is to . ' 

seek a satisfactory modifying parameter for the conventional correlations. 
all the cases, this modifying parameter contains the ratio of the wall to bulk temper- 
ature or the ratio of properties which are primarily a function of this temperature 
ratio, such as kinematic viscosity. Thus, 

In almost 

Nu = 0.023 (Pr)Om4 (modifying parameter) 

where 

(modifying parameter) = (T /T )(a) or f(vw/vb) w b  
where a is an exponent determined empirically. 

Hendricks et a1.17 show a ratio of the Nusselt number over a Nusselt number calcu- 
lated by an analogous procedure to a two-phase Nusselt number correlated with the 
Martinelli and Nelson18 parameter as 

Nu 
NUcalc 
-- - f(Xtt) * 

Again, the correlations produced by this method have been shown to be superior to those 
simply using the conventional single-phase heat transfer correlations. . 

Although the two methods of approach previously discussed appear to be quite dif- 
Some examples of these ferent, .the resulting correlations are fairly similar in form. 

predictive correlations and their use follow: 

Bringer and Smith" Forced Convection COP (no humps) 

Nu = 0.0266' (Re) (Pr) 0 55 (De iss ler 5, 
TX Tx 

Wood and Smith13 Forced Convection C02 - Two resistance concept - 
Enhanced near transposed critical 

Miller et a1." and Miller" Forced Convection H2 (no humps) 
0.8 

Nu = 0.0204 ( ) , (Pr)",: (1 + 0.00983 vW/vb) 
'0.4 

where the subscript indicates the location of the boundar layer temperature for the 
property evaluation as proposed by Deissler and Pressler2$ and the modifying parameter 
is of the form proposed by Hess and K u n ~ . ~ ~  

IV.4. Helium I in Region 1 

Three papers have reported on s stems which involved heat transfer to supercriti- 
Because 

' 

cal helium. These are: Kolm et al.? Klipping and K u t ~ n e r , ~ ~  and Brechna.'li 
the actual boundaries of Region 1 are yet to be determined, it cannot be said whether 
or not these data actually have fallen in what has been termed Region 1 for this paper. 
Additionally, all of these papers which do report data are handicapped because reliable 
property data are lacking in this general region for helium. 
system using the supercritical helium I for heat transfer but does not report experi- 
mental heat transfer data. Klipping and KutznerZ4 report a study of heat transfer to 
supercritical helium by free convection. 

Kolm et al.4 reports a 

The heated surface was a horizontal cylinder, 
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2 cm long and 0.4 cm in diameter. 
ed the data in a form as shown in Fig. 10. 
had previously suggested, heat transfer with supercritical helium is competitive with 
boiling heat transfer from other fluids and also with boiling heat transfer from he- 
lium. B r e ~ h n a ~ ~  shows some results from forced convection heat transfer using super- 
conductor cable material. These results indicate that the helium heat transfer in 
this region is about 1.7 times that which would be expected using conventional single- 
phase heat transfer correlations. 

Since property data were not available, they re ort- e Here, one can see that, as Kolm et al. 

This work is also discussed for Region 3 .  

The very limited reported data for heat transfer to supercritical helium I do not 
allow any conclusions except that more work is certainly needed in this region. 
optimum design of any system employing heat transfer to supercritical helium, one first 
needs the necessary transport property dat,a, and secondly, one needs reliable predic- 
tive heat transfer correlations for the fluid. It would appear that these correlations 
will be modifications of the correlations applied to conventional fluids. 
the boundaries of Region 1 need to be defined rather specifically. 
important with respect to pressure and temperature, oscillations. In heat transfer to 
cool superconductors, stability is much more important than in ordinary heat transfer 
situations. Therefore, the unstable regions where pressure oscillations might occur 
with supercritical helium need to be well defined. 

For 

Additionally, 
This is particularly 

V. REGION 2 - TWO-PHASE, BOILING HEAT TRANSFER REGION 
The accepted divisions of boiling studies into that of poo1,boiling and forced 

convection boiling will be made. 

V.l. Pool Boiling 

V.l.l. Boundaries of regions 

The boundaries of this region seem reasonably well defined. Referring again to 
Fig. 6, the left boundary is in the vicinity of a liquid-vapor saturation line. Some 
further discussion of the point of inception of bubbles will be carried out in the sub- 
sequent examination of the boiling curves. 
vicinity of the lambda line. The right hand division of the region is distinct, as the 
vapor saturation line. 
viously since it forms the boundary of the lower part of Region 1. 

The lower limit of the region is in the 

Finally, the upper limit of the region has been discussed pre- 

V.1.2. Behavior of conventional fluids - pool boiling 

The' general boiling curve exhibited for all fluids may be divided into four sec- 
tions of study. These are: 

The nucleate boiling curve. 
The maximum nucleate boiling flux. 
The film boiling curve. 
The minimum film boiling flux. 

Following the pattern set in Region 1, the behavior of other fluids in these various 
boiling divisions will be discussed first. 
peculiarities of helium boiling and allow estimates for helium behavior where data 
'have not been previously obtained or have been obtained in very small quantitias with- 
out the confirmation of subsequent studies. 

This will allow some insight into the 
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V.1.2.1. Nucleate boiling 

Typical nucleate boiling curves may be se'err in Figs. 11, 13, and 14. The lower 
portion of the curve is defined by the inception of the formation of bubbles and on a 
plot such as in Figs. 13 and 14 where the heat transfer per unit area is plotted 
against the temperature difference between the bulk of the fluid and its surface, the 
inception of bubbles causes a sharp rise in the slope of the curves. This slope re- 
mains generally constant on'such a plot and is proportional to about the third. power 
of the temperature difference. The analytical curves then developed to express the 
nucleate boiling phenomena will be of the general form 

q / A  = f (properties) (Tw Tsat l3 
It seems reasonably well established at this time that, in many cases, the multiplier 
of the temperature difference is a function of the heated surface as well as the fluid. 
This aspect of boiling will be discussed in a later section. 

A number of nucleate boiling curves, evaluated for hydrogen.at 1 atm, are shown 
in Fig. 11 along with the regions of reported experimental data. In general, the cor- 
relations are dependent upon fluid properties alone, and that will be the basis on 
which these curves will be discussed. The state of knowledge regarding the boiling 
phenomena has not advanced to the point where the primary or controlling influences 
in the process have been established in a manner generally accepted as that one which 
is correct. Therefore, all of the correlations may be said to owe some of their devel- 
opment to dimensional or similarity concepts. A number of the correlations that have 
been more recently proposed involve the number of nucleation sites. Since these data 
are not generally available on an engineering or design basis, these correlations are 
not yet useful for design use. In a revious report on boiling of cryogenic fluids by 
Brentari and Smith,26 the Kutateladzeg7 correlation was recommended as one that repre- 
sented the behavior of hydrogen reasonably well. Obviously, from an examination of 
Fig. 11, one can see that several other correlations could be said to represent the 
data with equal reliability. The general requirements for a successful correlation 
are to express the properties data in such a way that the curve will have a point with 
the approximately correct horizontal location and then from that point have the slope 
expressed as about the third power of a temperature difference. Since the Kutateladze 
correlation is reasonably successful for the cryogenic fluids it will be used as a ' 

reference in the subsequent discussion of helium boiling. 

. 

This expression is 

(3) 

V.1.2.2. Maximum nucleate boiling flux 

As the temperature of the heated surface is increased during nucleate boiling a 
point is reached where the nucleate boiling curve essentially becomes discontinuous. 
Physically, this might be very roughly visualized as the point at which the vapor re- 
moval. procedure during the boiling becomes such that a wetting cycle during that pro- 
cess is no longer possible. The boiling is then said to enter the film boiling regime 
where essentially a vapor film is maintained between the heated surface and the bulk 
of the liquid. This point is almost always associated with a very rapid increase in 
the temperature of the heated surface. The point is of particular interest to many 

. 
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design situations because, very often, if this condition is allowed to occur, it will 
result in the system’s failure. 
cooled superconductor. In separate studies, both Kutateladze’’ and Zuber28 have pro- 
duced expressions which are reasonably successful in predicting this maximum flux. 
This expression is as follows: 

This would almost certainly be the case for a helium- 

( 4 )  

Again, it will be noted that this expression is a function of a fluid properties,aloqe 
and not of the relationship between the fluid and the boiling surface conditions’or of ‘ 

the surface conditions. Deviations which may occur as a result of the surface condi- ’ 
tions will be discussed subsequently in this section. It should be pointed out that 
although the maximum heat flux can be predicted to a reasonable degree of accuracy, the 
temperature difference at which this flux will occur is much more difficult to predict. 
One may estimate this temperature difference by using the value of the maximum heat 
flux substituted in the nucleate-boiling-curve correlation. 

Figure 12 shows the values obtained from ( 4 )  compared with experimental data from 
cryogenic fluids. The agreement is reasonably good except for lower values of the 
abscissa which correspond to higher values of p/pc. 

V.1 .2 .3 .  Film boiling 

. Typical film boiling.curves produced from experimental and anal tical data may be 
seen in Fig. 13 .  Again, in a .previous review by Brentari and Smith,g6 the Breen and 
Westwater29 correlation was found to describe the behavior of cryogenic fluids boiling 
in the film region reasonably well. 
ical to experimental work in this paper will be referred to that correlation. 
to calculate the heat transfer in the film boiling region one must know something of 

. the characteristics of the film or make some assumptions regarding these characteristics. 
Most of the more recently proposed analyses study the stability of the liquid-vapor 

and Westwater29 who presented the following correlation: 

Therefore, most of the discussion relating analyt- 
In order 

. interface of this film. This was the approach of Bromley30 and subsequently of Breen 

where [hf + 0.34 C (T2 - TI)]’ 
h‘ = I 

h 
. fg fg 

It should be noted that a diameter effect does occur in the correlation, but otherwise 
surface effects are considered negligible. 

V . 1 . 2 . 4 .  Minimum film boiling flux 

In proceeding downward along the film boiling curve, as (Tw - Tsat) is reduced, 
there will be a point reached when the boiling mechanism will return to nucleate boil- 
ing. This point at which that change occurs is known as the minimum film boiling’flux. 
This point is also of considerable interest to designers because it represents the min- 
imum heat flux which would be expected in the temperature range of nucleate and film 
boiling except, perhaps, for cases of very low temperature differences on the nucleate 
boiling curve. 
duced predictive equations for the minimum film boiling. 

Several authors, among them Zuber,28 and Lienhard and Wongy3I have pro- 
This point is quite difficult 
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to obtain experimentally, and specific experimental information on this heat flux is 
reasonably scarce for any fluid. The point, however, can be generally determined for. 
most fluids from a knowledge of the necessary shape of the general boiling‘curve and 
from data regarding the nucleate and, film boiling regions. The correlation proposed 
by the two authors previously mentioned has been shown to be reasonably successful for 
other cryogenic fluids. This correlation for a cylinder with D > 1.0 cm or for a flat 
plate is: 

V.1.2.5. General discussion of the boiling correlations 

In many cases, additional factors should be considered before the previously dis- 
cussed correlations are used to prediet the behavior of a sfstem. The correlations are 
primarily limited because, for wider variations in fluid properties, the correlations 
have not been thoroughly tested and some tests show poor reliability at high values 
p/pc; further, they do not account for the gdometry or the properties of the solid sur- 
f ace. 

V.1.2.5.1. Nucleate boiling correlations - pressure effects 
\ 

Both the expressions for the nucleate boiling flux ( 3 )  and the maximum nucleate 
flux ( 4 )  appear to be unreliable at p/pc > 0.6. (See Figs. 15 and 16.) 

V.1.2.5.2. Subcooling 

When temperatures of the liquid are below the saturation temperatures, the boiling 
fluxes are chang6d from those indicated in the previous discussion where only saturated 
liquid conditions were considered. Four expressions have been proposed as a correction 
to the expressions that consider saturated liquids. The correction is simply 

These expressions are: 

Kutateladze I 27. , 

P A  0.923 C 
= 1.0 4- 0.040 ( p ) (e ) (Tsat - Tsub) 

V fg 
Fsub 

32 Kutateladze I1 (from Gambill ) :  _ ,  

p A  0.800 Cp 

V fg 
= 1.0 + 0.065 ( r  ) (h ) (Tsat - Tsub) Fsub 

32 Ivey and Morris33 (from Gambill ) :  

p A  0.750 c 
= 1.0 + 0.102 ( T;- ) ( e ) (Tsat - Tsub) 

V fg 
Fsub 
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Zuber et al. 34. . 

There are no experimental data to test these expressions for cryogenic liquids. 

V.1.2.5.3. Surface conditions 

While it is known that surface conditions have a significant effect on the boiling 
phenomena, the specific influence of any given surface variable is not well understood. 
Enough data have been acquired, however, to permit a qualitative discussfon of the'ef- 
fects of specific surface variations. Considered here are surface history, surface 
temperature variations as affected by the heated material mass and properties or by 
the type of heat source, surface roughness, and surface-fluid interface phenomena as 
influenced by the surface and fluid chemical composition. 

V.1.2.5.3.1. Surface history 

A heating surface immediately after immersion in liquid will produce a higher 
heat transfer coefficient than one which has been immersed for a reasonable period of 
time (K~tateladze~~) . This is presumably due to additional nucleation centers provided 

35 by factors such as dissolved air and oxidation of the heating surface. Graham et al. 
reported that for nucleate boiling of hydrogen, boundary layer history has a,significant 
effect on the boiling incipient point. The apparent incipient point for nucleate boil- 
ing occurred at a much lower AT when a boiling run was immediately repeated iather 'than 
begun with a fresh supply of hydrogen surrounding the heating surface; the two curves 
then join at higher heat fluxes. 
layer remained to change the incipient point for the succeeding test. 

The authors speculate that some residue of the thermal 

Vliet and L e ~ p e r t ~ ~  studied the effect of aging or boiling for a period of time at 
about half peak flux. They found that with water flowing over a stainless-steel tube, 
aging of about 90 min was necessary before reproducible peak fluxes could be obtained. 
Aging for about one-third that time produced peak fluxes only slightly greater than 
half the fluxes produced using the longer aging procedure. 

V.1.2.5.3.2. Surface temperature variations 

It is possible that surface temperature differences can occur which may be attrib- 
uted to properties of the heater surface and not entirely to the fluid boiling phenom- 
ena. Heaters with a small mass per unit of heater surface such as very thin materials 
may produce temperature variations and, subsequenrly, a lower peak flux. Vliet and 
L e ~ p e r t , ~ ~  however, reported that there were no surface effects down to a thickness of 
0.006 in. for a cylinder with water cross-flow. 

The source of znergy for the heater may also influence surface temperature varia- 
tions. Kutateladze reports that electrically heated surfaces have slightly different 
heat transfer characteristics than those heated by vapor condensation, probably because 
condensation droplets cause surface temperature differences. 

Of course, the boiling phenomena also produce temperature variations at the sur- 
37 face, and these are re orted, for example, by K~tateladze,~~ Hendricks and Sharp, 

and Moore and M e ~ l e r . ~ ~  Sharp39 studied the microlayer film at the base of nucleate 
bubbles and found that the flux from this microlayer appeared to vary with klfa fcr 
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the surface material. 
variations which are a function of the properties of the substrate material, and in 
turn, may be attrfbuted t-o changes in these properties during temperature fluctuations. 

Cummings and Smith," and Bowman,41 have' shown some boi1,ing 

V.1.2.5.3.3. Surface roughness 

Rougher surfaces generally produce higher fluxes for the same AT. .Mikhai14' re- 

Rougher sur- 
ported work with oxygen using nickel surfaces with different roughness values, and his 
data were similar to others who investigated higher temperature fluids. 
faces cause incipient nucleate boiling to occur at a lower AT, and then the h vs AT 
curves rise abruptly from that point. 

working with cryogenic and other liquids , indicates, however , that although the nucleate 
boiling flux curve is changed by roughness, the peak flux does not change. 
roughness would be expected to show a much smaller effect in the film boiling region, 
and work such as that of Class et a1.44 indicates essentially no effect of roughness 
for film boiling. 

Thus the rougher surfaces produce markedly hi h- 
er coefficients for the same AT -.in Mikhail's work as high as a factor of 4. Lyon, $3 

Surface 

Tuck,45 in experimental work with hydrogen, found that AT 'for' inception was less 
than O.l°K for a rough surface but could be as great as 3'K for a surface finished to 
1.25 bin. rms. The Tuck experiments were at zero gravity condition; however, the re- 
sults would be expected to be applicable generally under other gravitational fields, 
although at or near zero gravity the inception point seems to be time dependent and 
that time a function of the gravitational field. 

V.1.2.5.3.4. Surface chemistry 

The Surface chemical effect is often difficult to separate from other surface ef- 
fects such as roughness. 
Cryogenic fluids will wet almost all surfaces except those with a very low surface en- 
ergy; this.is illustrated, for example, in a hydrogen study by Good and Ferry46 and 
perhaps further substantiated by the reasonably effective use of a single wetting co- . 

efficient in the RohsenowLC7 correlation for cryogenic fluids. 
boiling with oxygen and nitrogen using clean copper and gold surfaces and surfaces with 
various chemical films. He found that the different surfaces produced somewhat dif- 
ferent nucleate boiling curves and differences as much as 25% in the peak flux. 

Wetting characteristics would appear to be a major influence. 

L y ~ n ~ ~  studied nucleate I 

Young and Hu-lLC8 have shown that higher coefficients in the lower region of the 

Sharp59 has studied the microlayer at the base of bubbles and has found that 
nucleate boilin 
surface. 
nonwetting surfaces tend ,to destabilize the layer. 
burnout heat flux was increased by a factor of 2.3 if tap water rather than distilled 
water was used. 

regime are made possible by providing poorly wetted spots on the metal 

Costello et a1.49 found that the 

V.1.2.5.4. Geometry 

The correlations essentially describe systems of simple geometry with surfaces 
which are vertical or facing upward. The data from the surfaces facing downward and 
of vertical channels are shown in Figs. 18 and 19 which will be discussed later. Other 
variations with geometry have been reported; for example, Costello et a1.49 have re- 
ported that for pool boiling burnout heater size is quite significant. They found that 
0.067 in. diameter semi-cylinders burned out at fluxes 2.7 times greater than for flat . 
plate heaters with no liquid in-flow from the sides. This suggested to the authors 
that such difference may be a result of different convective effects for the various 
heated surfaces. 
the total flux in some cases. 

They show that the convective component may be approximately one-half 
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V.1.3. Pool boiling - helium I . 
V.1.3.1. Comparison of data with results from correlations 

Figure 13 shows experimental and analytical pool boiling data for helium. The 
figure indicates that agreement between the predictive correlations and the experimen- 
tal work is approximately as good as that for other fluids. 
the reported experimental work, some of the data have been corrected by means of the 

These data are 
for simple geometries with surfaces facing upward or vertical. 

.In order to show most of 

'property variations indicated by (3) to the case for f atm pressure. 

Figure 16 shows the comparison of the results of the maximum nucleate flux com- 
parisons. Here, as with the other cryogenic fluids, the agreement is good except for 
higher values of p/pc. 
would be p/pc = 0.6. 

It would appear that a safe upper limit-for the correlation 

4 

V.1.3.2. Pool boiling - additional factors to consider with the correlations 
V.1.3.2.1. Hysteresis 

Figure 14 shows the.hysteresis effect as reported by three investigators. The 
difference in the curves with increasjing flux and decreasing flux is generally regard- 
ed as being assoc2ated with the point of initial bubble inception and its requirements 
for higher temperatures than that for subsequent bubbles. 
differences and the heat fluxes are increased the behavior of the curve must indicate 
the activation of new boiling sites. 

Also, as the temperature 

Bankoff" has shown that, in general, the theoretical superheat requirements to 
form new vapor nuclei are considerably higher than those observed. 
might conclude that nucleation usually.occurs at nonwetted sites on the surface, 
usually in cavities. 
esis for helium because at helium temperatures all gases which might serve to create 
nonwetted sites will be condensed, except helium itself. 

Therefore, one 

This hypothesis could be used to explain the additional hyster- 

V.1.3.2.2. Geometry effects 

'Figure 17 shows data from two sources for surfaces facing do&ward. In both 
cases the data appear to follow the same general nucleate boiling behavior except that 
the maximum flux is reduced very substantially. 

The work of Sydoriak and Roberts51 for narrow channels shows that for this special 
They developed geometry, the helium,boiling problem must be handled quite differently. 

an expression for the maximum flux which, Eor this case, is limited by the outflow 
rate from the channel. Figure 19 shows the predicted results from this theory com- 
pared with experimental data from Wilson.52 The agreement appears reasonably good, 
particularly for a problem as complex as this one. 

Figure 13 indicates that the film boiling correl$tion (5) does not properly ac- 
count for boiling behavior with small wire sizes. . 

V.1.3.2.3. Substra.te effects 

Figure 20 shows the results of Cummings and Smith" which demonstrate significant 
effects traceable to the behavior of the properties of the substrate. These properties 
are conductivity, density, and specific heat. The authors show that these properties, 
together with a frequency term (representing boiling bubble frequency), can be made to 
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form a function that will.correlate boiling data from different substrates. 
behavior could well be most significant for helium because the properties will.tend to 
vary more with sma.ll temperature changes (such as those encountered in boiling) at 
helium temperatures. 

This 

Bowman" has shown that radiation has a significant influence on the pool boiling 
of helium by decreasing the thermal conductivity of the substrate and by inducing re- 
sidual radidactivity in the substrate. 

V.1.3.3. Additional factors to consider with correlations - significant but 
apparently no different for helium than for other fluids 

V.1.3.3.1. Pressure t 

Figure 15 shows the nucleate boiling data of Lyons taken at different pressures. 
The lower pressure data appear to behave essentially as predicted, but thdhigher pres- 
sure data are quite different from a reasonable extrapolation of lower pressure data 
or from the apparent prediction using (3). It may be that the property values used in 
(3) near the critical would be quite unreliable, but even with a reasonable allowance 
for that, one must conclude that the behavior indicates an approach quite different 
from (3) should be taken to predict the higher pressure behavior. A s  in the case of 
the maximum nucleate flux data (Fig. 12), it would appear that the correlations are 
only reliable to p/pc = 0.6. 

V.1.3.3.2. Surface'roughness and chemistry 

There are no reported studies which have considered surface chemistry effects. 
As previously discussed, Ly0n4~ found significant effects for other cryogenic fluids. 

Cummings and Smith.". The work of Boissin et al.34 indicates that only polished sur- 
faces are markedly different for the nucleate boiling curve. 
show that ice crystals did not influence the nucleate boiling curve for their surface. 
They did, however, yery significantly influence the curve' in the region of transition 
from nucleate to film boiling. 

Figure 17 show surface roughness effects re orted by Boissin et a1.,54 and 

Cummings and Smith40 

V.1.3.3.3. Subcooling 

There are no data to show the influence of subcooling (fluid temperatures below 
saturation) on helium boiling. Some indication of the possible effect can be obtained 
by evaluating (8)-(11) previously discussed. These evaluations are shown in Fig. 21. 

V.2. Forced Convection Boiling 

V.2.1. Behavior of conventional fluids 

. The general treatment of forced convection boiling is simply to extend the method 
used in the single-phase case. The systems employed may be divided into two general 
categories. In the first category a two-phase Nusselt number is calculated from a 
Ditt~s-Boelter~~ form of the equation 

0.8 (pr)0.4 
(Nucalc)tp = 0.023 (Re) tP 

In this equation the two-phase aspect is introduced 
cation of the density term in the Reynolds number. 

by some sort of a two-phase modifi- 
This Nusselt number does not yield , 
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the proper film coefficient to describe the forced convection boiling process, however. 
Instead, it is used.as the denominator of a Nusselt number ratio with the numerator 
representing the experimental or in the case of a predictive use of the correlation, 
the predictive Nusselt number. In this system the Nusselt number ratio is assumed to 

employed is the Martinelli-Nelson parameter ytt which was originally proposed to cor- 
relate a similar pressure drop, or essentially a momentum transport process: 

* .  be a function of some correlating parameter. The most common correlating parameter 

Hendricks et a1.17 have reported a very thorough stud% employing this type of correla- 
tion using hydrogen as the working fluid. 
relatively.successfu1 for hydrogen. 

Figure 22 shows that the correlation is 

. .  
The second analytical method, which is employed to describe forced convection 

boiling processes, is usually called the superposition method. Here, the concepts are 
very simple. The heat flux which would be indicated for the pool boiling case is sim- 
ply added to the heat flux which would be indicated by a conventional correlation for 
the single phase fluid: 

(q/A)Forced conv. = (q/A) pool -k (q/A)Forced conv. . * 

boiling boiling single phase 

For the case of nucleate boiling the single-phase fluid would be assumed to be a liquid, 
and for the film boiling case the single-phase fluid would generally be assumed to be a 
gas. Although this method is extremely si.mple and makes no provision at all for the 
interplay between the two energy transport processes, it has been shown to be reason- 
ably successful for a number of fluids including hydrogen. Giarratano and Smith57 have 
reported a comparative study of these methods using previously reported data.for hydro- 
gen heat transfer. 

V.2.2.  Forced convection boiling with helium I 

There has only been one paper on forced conyection boiling with helium. Thisis 
The authors used the method by de La Harpe et al.58 who employed a long coiled tube. 

of a Nusselt number ratio correlated with the Martinelli parameter for their data with 
higher quality, higher'vapor content, runs. Their results are shown in Fig. 23.  This 
method produced an empirical line which correlated the data to within f 20%. 
low quality region (where the qyality was approxihately 0 . 2  and less), the method of 
superposition was employed as the Nusselt number ratio appeared to be insensitive to 
changes in the Martinelli parameter for the low quality case. 
method for the lower quality region was used, the data were correlated within f 20% 
for the range of experimental data produced. This dividing point between the apparent 
wet-wall and dry-wall regions is at a considerably higher quality than that which would 
be expected for other fluids. This is because the density ratio (of liquid to gas) at 
the normal boiling point for helium is much lower than that for other fluids. For ex- 
ample, for hydrogen this ratio is about 53 and for helium about 7.5. Wright and 
W a l t e r ~ ~ ~  report wet-wall boiling data for a similar case of forced convection with 
hydrogen showing a maximum quality of about 0.05. 
the authors report that although the Martinelli parameter was successful in correlating 
heat transfer data, it was not at all successful in correlating the pressure drop data 
which they obtained from this long helical tube. Instead, they found th,at the use of 
a homogeneous model described the pressure drop data reasonably well. 

For the 

When the superposition 

In a separate, but related study, 

I 
I 
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VI. HELIUM I, REGION 3 

Since Region 3 is devoted entirely to the single-phase fluid where a good deal of 
heat transfer work has been done for other fluids, one might expect less difficulty in 
extending the conventional correlations to the helium case. 
the extreme property differences for helium and the property behavior for liquid he- 
lium, particularly, would make the helium behavior significantly different from the 
conventional fluids. 
duce the Nusselt number as 

It may be, however, that 

For conventional fluids the Ditt~s-Boelter~~ correlation to pro- 

0.8 (pr)0.4 Nu = 0.023 (Re) Y 

is generally satisfactory. 
is that of Dorey." Dorey employed a test section of a small flat plate and investi- 
gated the cases of both free and forced convection. In cases of both free and forced 
convection, Dorey's experimental data were obtained at Reynolds numbers which were in 
the general transition region between.laminar and turbulent flow. He compared his 
data with respect to both the laminar and turbulent heat transfer predictions of the 
conventional correlations. For the free convection case, a difference' between the 
analytical expression for the two flow regimes is expressed in the power (a) to which 
the product of the Grashof and Prandtl number is raised in the following expression: 

The only experimental work for helium reported in Region 3 

( a) Nu = (const)(Gr*Pr) 

Although the constant coefficient in the expression varies between the two flow regimes, 
the exponent (a) is a better indicator of the flow regime. In this transition region 
for free convection, Dorey found that the ,exponent conventionally used for the turbulent 
case more nearly described his experimental data. 
sion for the heat transfer coefficient for free convection for helium in the Reynolds 
number range which is transition between laminar and turbulent flow: 

He recommended the following expres- 

For forced convection, Dorey investigated two equations for laminar and turbulent. 
flow. 
the more conventional case of flow inside tubes considered previously. 
pressions are 

These expressions were recommended by JacobG1 for flat-plate flow rather than 
These two ex- 

Nu = 0.664 Reoa5 Proa5 (laminar) 

Nu = 0.36 Reoo8 Pr (turbulent) . (14) 

(13) 

Again as shown in Fig. 24, Dorey's data in a transition region between the two flow 
modes fell between predictions of the analytical exponents of the two modes. 

BrechnaZ5 has reported some forced convection, liquid helium data discussed pre- 
viously in Region 1. He finds that the coefficient in the conventional turbulent, 
forced convection equation is increased by a factor of about 1.7 for.the case of helium 
heat: transfer. It is not clear at this time whether the data of Brechna were obtained 
for Regfon 1 or Region 3; however, it is presumed that some of these data were obtained 
in Region 3. 
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VII. REGION 4 

A full discussion of helium heat transfer in Region 4 is not considered in this 
paper. 
pected to behave differently than another gas. 
quired by the rather significant properties differences, particularly that of viscosity; 
however,. the author is not aware of any investigators who have reported the need for 
such modifications. Most of the helium gas studies, however, have been carried out at 
considerably higher temperature than those shown or considered in this paper. The 
second reason for omission of the Rzgion 4 is that for the most part the temperatures 
in Region 4 are presumed to be too high for cooling superconductors. 

There are two reasons for this. First, helium in this region would not be ex- 
Some small modifications might be re- 

VIII. SUMMARY AND RECOMMENDATIONS 

VIII.l. Region 1 - Supercritical Neaf Transposed Critical 
a) This region should be avoided, if at all possible, if oscillations in 

pressure and temperature are undesirable. 

b) The region boundary appears to be generally defined by the transposed 
critical line and the minimum constant pressure line which does not ex- 
hibit the "hump1' or rapidly changing property behavior similar to that at . 
the critical point. This pressure is at about 15 atm. 

c) The conventional heat transfer correlation using constant properties , 
Nu = 0.023 , 

can probably be used as a general guide t o  predict the heat flux for 
forced convection, turbulent heat transfer inside conduits. Enhance- 
ment is theoretically possible but, since heat transfer behavior is 
unknown and property values are uncertain, one should not expect to ob- 
tain enhancement unless a development program is undertaken. Degrada- 
tion is perhaps more likely for systems in this region. 

First studies should be to: 
d) Heat transfer and property data are urgently needed in this region. 

i) Define the region boundaries. 
ii) Establish the magnitude and nature of the oscillations in 

the region. 
iii) Investigate arrangements to minimize the oscillations. 

iv) Establish a heat transfer predictive system better 'than a 
constant property correlation. 

VIII.2. Region 2 - Boiling, Two Phase 
VIII.2.1. Pool boiling 

a) For pool boiling, it would appear that the correlations for conventional 
fluids can be used with approximately the same degree of reliability as 
for other cryogenic liquids. 

Nucleate - K~tateladze,~~ Eq. ( 3 ) .  

Maximum nucleate - Kutatelad~e,~~ Zuber et a1.,34 Eq. (4). 
Film - Breen and Westwater," Eq. (5). 
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Minimum film - Lienhard and WongY3l Eq. (6). 
b) These correlations do not consider some of the significant variables and 

should be used with caution. Among these variables which seem to have a 
more pronounced influence with helium are: 

i) Hysteresis - L y ~ n , ~ ~  Cummings and Smith,40 Thibault et a1.62 
ii) Geometry effects - L y ~ n , ~ ~  Sydoriak and Roberts.51 
iil) Substrate effects - Cummings and Smith. 40 

c) Other variables, not accounted for in the correlations, but which have 
been shown to have a significant influence with other cryogenic liquids 
.are: 

i) Surface roughness - Boissin et al.,54 Cummings and Smith. 40 

43 ii) Surface chemistry - Lyon. 
iii) Pressure effects for the nucleate boiling curve are reason- 

ably well accounted for by the.nucleate correlations for 
. .  PIPcrit < 0 .6 .  

For pressures above this value the correlations do not 
appear to be reliable. 

iv) Subcooling effects are unknown (see Fig. 21 for estimates). 

VIII.2.2. Forced convection boilin& 

For forced convection boiling, the single reported work, de La Harpe et al. 58 
The nucleate boiling or wetted indicated behavior similar to conventional fluids. 

surface region appears to be extended in quality. , 

VIII.2.3. Recomendations for further work 

Further work in this region appears to be less critically needed than in the other 
Perhaps the regions of surface and 'substrate effects, geometry effects, pres- areas. 

sure effects and forced convection should have first priority for future investigations. 

VIII.3. Regions 3 and 4 

a) The very limited data of BrechnaYz5. and Dorey," indicate the use of con- 
ventional correlations, Eqs. (12) , (13), (14) , and (15) may be conservative. 

b) Fluid.property data would indicate that the conventional correlations can 
be used with reasonable confidence except, perhaps, for liquid helium at 
lower pressures where the transport properties have the opposite slope of 
that for other liquids. 

c) Some further work is rather urgently needed, however, to establish more 
positively whether or not conventional correlations may be used without 
modification. 
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cP 
D 

Fsub 

k .  
Nu 

U 

X 

Y 

NOMENCLATURE 

Latin Letters 

B 

'h 
c1 

P .  . .  

V 

cr 

Xtt 

b 
R 

W 

X 

= Empirically determined exponent. 

= Specific heat capacity at constant pressure. 
= Diameter. 
= Multiplying factor for peak heat flux due to subcooling 

= Convective heat transfer coefficient. 
= "Effective" latent heat vaporization, defined by Eq. (5 ) .  
= Latent heat of vaporization at saturation. 
= Acceleration of gravity. 

= Grashof's number, pga(Tw - Tb)y3/w2, dimensionless. 
= Thermal conductivity. 
= Nusselt number, (hDfk) 
= Calculated Nusselt number, dimensionless. 
= Pressure. 
= Prandtl number, (cpfk). 
= Rate of heat transfer per unit area. 

= Reynolds number, (uDp /k). 

= Temperature. 
= Average fluid velocity. . 

= Quality, (mass vaporfmass mixture) , dimensionless. 
= Length dimension. 

(q/A) sub = (q/A) sat Fsub. 

Greek Letters 

= Thermal coefficient of volumetric expansion. 
= Eddy diffusivity of energy. 

= Newtonian coefficient of viscosity. 

= Density 
= Kinematic viscosity. 
= Surface tension between the liquid and its own vapor. 
= Martinelli parameter, dimensionless. 

Subscripts 

= Indicates bulk property. 
= Subscripted liquid property. 
= Wall or solid surface conditions. 
= Proportional location in thermal boundary layer to establish 
temperature for property evaluation. 
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sat = Saturated conditions. 

V = Vapor or gas condition.. 
C = Critical condition. 

= Two phase. 

= Saturated conditions. 

= Vapor or gas condition.. 
= Critical condition. 
= Two phase. 
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Fig. 1. Pressure-temperature diagrams €or helium. 
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Fig. 2 .  Comparison of the behavior e€ ' themal  conductivity for a 
c lassical  and for a quantum f l u i d  from Corruccini (Ref. 1 ) .  
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et al. (Ref. 56). 
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Fig. 24. Forced convection heat transfer data for liquid helium 
from Dorey (Ref. 60). 
with predicted results for streamline and turbulent flow. 
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